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WSX-1 Is Required for the Initiation of Th1 Responses
and Resistance to L. major Infection
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The high-affinity receptor complex often contains a cy-
tokine-specific receptor protein and a common signal-
transducing component, both of which may belong toSummary
the class I cytokine receptor family. The signaling protein
may be shared between several receptor complexes.WSX-1 is a class I cytokine receptor with homology to
For example, gp130 was originally described as the sig-the IL-12 receptors. The physiological role of WSX-1,
naling component of IL-6R, but it is also found in recep-which is expressed mainly in T cells, was investigated
tors for IL-6-related cytokines such as IL-11, leukemiain gene-targeted WSX-1-deficient mice. IFN- produc-
inhibitory factor, and cardiotropin (Taga et al., 1989).tion was reduced in isolated WSX-1/ T cells sub-
Similarly, the common  chain is shared by the receptorsjected to primary stimulation in vitro to induce Th1
for IL-3, IL-5, and granulocyte/macrophage colony-stim-differentiation but was normal in fully differentiated
ulating factor (Miyajima, 1992), whereas the common and activated WSX-1/ Th1 cells that had received
chain is shared by the receptors for IL-2, IL-4, IL-7, IL-9,secondary stimulation. WSX-1/ mice were remark-
and IL-15 (Di Santo et al., 1995). By engaging receptorably susceptible to Leishmania major infection, show-
complexes in which one of the common subunits is
ing impaired IFN- production early in the infection.
combined with a cytokine-specific chain, cytokines ex-
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mas with dispersed accumulations of mononuclear WSX-1 (Sprecher et al., 1998) is a novel class I cyto-
cells when infected with bacillus Calmette-Guerin kine receptor containing Trp-Gly-Glu-Trp-Ser (WGEWS),
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of Th1 responses but dispensable for their mainte- 1991). WSX-1 is highly expressed in spleen, thymus, and
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ment. WSX-1 was first cloned from an EST database
Introduction using the human gp130 sequence as a query. WSX-1 is
identical to the TCCR molecule cloned by Chen et al.
When CD4 Th cells are activated by an encounter with (2000). At the amino acid level, WSX-1/TCCR is 19%
a pathogen, they proliferate and differentiate into either identical to the gp130 protein but, strikingly, is 26%
Th1 or Th2 cells, functionally distinct subsets that pro- identical to the IL-12R2 chain (Sprecher et al., 1998;
duce characteristic cytokine profiles (Mosmann and Chen et al., 2000).
Sad, 1996). Th1 cytokines, especially IFN- and TNF-, To define the role of WSX-1/TCCR in vivo, we gener-
are critical for the macrophage activation and nitric ox- ated WSX-1/TCCR knockout mice using homologous
ide production required for eliminating intracellular recombination. Although development of the hemato-
poietic and lymphoid systems in WSX-1/ mice was
normal, isolated T cells from the mutant animals pro-7 Correspondence: tmak@oci.utoronto.ca
duced reduced levels of IFN- when treated in vitro with8 Present address: Department of Physiological Chemistry, Graduate
School of Pharmaceutical Sciences, University of Tokyo, Japan. IL-12 plus Concanavalin A (ConA) or anti-CD3 antibody.
Immunity
570
However, to our surprise, fully differentiated WSX-1/
Th1 cells subjected to a secondary stimulation with
ConA produced wild-type levels of IFN-. Moreover, al-
though WSX-1/ mice exhibited reduced IFN- produc-
tion in the early stages of L. major infection and were
remarkably susceptible to the pathogen, there was no
impairment of IFN- production during the later phases.
The knockout mice also showed impaired granuloma
formation when infected with BCG but showed normal
serum IFN- production later in the infection. Our results
indicate that WSX-1/TCCR is critical for the initial pro-
duction of IFN- following infection with an intracellular
pathogen but is not required for the maintenance of the
Th1 response.
Results
Generation of WSX-1/ Mutant Mice
The WSX-1 gene was disrupted in murine embryonic
stem (ES) cells using a targeting vector in which an exon
encoding a part of the second fibronectin type III domain
was deleted (see Experimental Procedures and Figure
1A). Mice heterozygous for the WSX-1 mutation were
generated from ES cells and chimeric C57BL/6 mice
using standard procedures. Heterozygous WSX-1/
mice were healthy and fertile, and homozygous WSX-
1/ mice were born to heterozygous intercrosses at
the expected Mendelian ratio (Figures 1B and 1C). Two
independent strains of WSX-1/ mice, derived from dif-
ferent heterozygous ES cell clones, showed similar phe-
notypes. WSX-1/ mice were healthy and fertile, and Figure 1. Generation of WSX-1/ Mice
there were no significant differences in gross or radio- (A) A portion of the mouse WSX-1 wild-type locus is shown with
exons (hatched boxes) and a 2.2 kb XbaI fragment diagnostic forgraphic findings or in body or organ weights among
the wild-type allele (top). The targeting vector was designed to re-wild-type, heterozygous, and homozygous mice (data
place an exon encoding a portion of the extracellular fibronectinnot shown). Reverse transcription-PCR (RT-PCR) analy-
type III domain with a neomycin resistance cassette (closed box)
sis showed that WSX-1 was expressed strongly in wild- (middle). The mutated WSX-1 locus contains a 1.0 kb XbaI fragment.
type CD4 T cells, weakly in CD8 T cells and B220 B The position of the 5 flanking probe used for Southern blot analysis
cells, and minimally in plastic-adherent splenic macro- is shown (bottom). H, B, Xb, and EV represent HindIII, Bam HI, XbaI,
and EcoRV sites, respectively.phages (Figure 1D), which is in line with previous reports
(B) Southern blot analysis. Genomic DNA from wild-type mice (/)(Sprecher et al., 1998; Chen et al., 2000). The null muta-
or mice heterozygous (/) or homozygous (/) for the WSX-1tion of WSX-1 in WSX-1/ mice was confirmed by the
mutation was digested with Xba I and hybridized to the 5 flanking
absence of WSX-1 protein in Western blots of splenic probe. The 2.2 kb wild-type fragment (WT) and the 1.0 kb mutant
cell lysates (Figure 1E). fragment (MT) are indicated.
(C) A representative PCR genotyping of a litter born to a WSX-1
heterozygous intercross is shown. /, wild-type; /, heterozy-Normal Hematopoietic and Lymphoid Development
gote; /, homozygote.in WSX-1/ Mice
(D) An RT-PCR analysis of normal WSX-1 expression. CD4 T cells,WSX-1 is highly similar to gp130, a cytokine receptor
CD8 T cells, B220 B cells, and plastic-adherent splenic macro-
signaling component that is critical for hematopoiesis phages (Mφ) were obtained from wild-type C57BL/6 mice. Expres-
(Taga and Kishimoto, 1997). This fact, plus the expres- sion of WSX-1 was analyzed using RT-PCR. Expression of -actin
sion pattern of WSX-1 in lymphoid cells and bone mar- was analyzed as an internal control.
(E) Western blot analysis of WSX-1 expression. Lysates of wild-row, led us to investigate the development of hemato-
type (/) or knockout (/) spleen cells were immunoprecipitatedpoietic cells in WSX-1/ mice. As summarized in Table
using anti-WSX-1 antiserum.1, no significant differences in the numbers of WBC,
RBC, or platelets or in hemoglobin concentration were
observed among WSX-1/, WSX-1/, and WSX-1/ gans in the absence of WSX-1. There were no significant
differences in the numbers of thymocytes, lymph nodemice. Differential counts of WBC revealed that the per-
centages and numbers of neutrophils, lymphocytes, cells, or spleen cells in WSX-1/ mice compared with
controls (data not shown). Furthermore, flow cytometricmonocytes, and eosinophils were comparable among
the three groups of mice (data not shown). Furthermore, analysis showed that the development and differentia-
tion of lymphocytes in the thymus, spleen, lymph nodes,there were no significant differences in serum chemistry
values such as aspartate aminotransferase (AST) and and bone marrow were normal (Figure 2 and data not
shown). The development of intestinal intraepithelialalanine aminotransferase (ALT) levels (data not shown).
We then examined the development of lymphoid or- lymphocytes and Peyer’s patches was also normal (data
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Table 1. Hematological Examination of WSX-1/ Mice
Genotype WSX-1/ WSX-1/ WSX-1/
WBC (103/l) 3.78 	 0.85 4.02 	 0.99 4.93 	 1.76
RBC (106/l) 9.83 	 0.22 9.20 	 0.95 9.62 	 0.69
HGB (g/dl) 16.4 	 0.1 15.3 	 1.1 15.6 	 1.0
PLT (103/l) 1165 	 81 1214 	 151 1175 	 235
The numbers of WBC, RBC, and platelets (PLT) and the concentra-
tion of hemoglobin (HGB) were examined in 6- to 8-week-old mice
(4 mice per group).
not shown). Because gp130 is crucial for heart develop-
ment (Yoshida et al., 1996) and WSX-1 is reportedly
expressed in the heart (Sprecher et al., 1998), we exam-
ined this organ in WSX-1/mice. The heart was found to
be normal in WSX-1/ mice by macroscopic inspection
(data not shown). Our data thus demonstrate that an
absence of WSX-1 does not affect the development of
the heart or the hematopoietic or lymphoid systems.
Hyperproliferation of WSX-1/ T Cells
Because WSX-1 is preferentially expressed in T cells,
the proliferation in vitro of T cells from WSX-1/ mice
was evaluated. The proliferation of WSX-1/ spleno-
cytes was increased slightly over that of wild-type splen-
ocytes when the cells were stimulated with either in-
creasing concentrations of anti-CD3 antibody (Figure
3A) or ConA (data not shown). In agreement with this
finding, T cells from WSX-1/ mice showed a relative
increase in the number of cells in the S and G2M
phases of the cell cycle compared with wild-type when Figure 2. Flow Cytometric Analysis of Thymus, Spleen, and Lymph
Node Cellsthe cells were stimulated with anti-CD3 plus anti-CD28
antibodies (47.3% and 9.5% in the mutant, respectively, Single-cell suspensions of thymus, spleen, or lymph node cells from
wild-type (/) or WSX-1/ (/) mice were stained with anti-versus 40.8% and 8.9% in the wild-type) (Figure 3B).
CD4 versus anti-CD8 or anti-B220 versus anti-CD3, and surfaceThe high homology of WSX-1 to the IL-12 receptor
expression was analyzed by flow cytometry. Percentages of positiveprompted us to examine the proliferation of WSX-1/
cells within a quadrant are indicated. Experiments were repeated
T cells in response to treatment with anti-CD3 antibody three times with similar results.
plus increasing concentrations of IL-12 (Figure 3C).
However, after taking the higher baseline of WSX-1/
T cell proliferation into account, WSX-1/ T cells stimu- lation). These cells were then restimulated with ConA
lated with IL-12 showed the same dose-response kinet- (secondary stimulation) to induce Th1 or Th2 cytokine
ics as WSX-1/ T cells (Figure 3C, left). When anti-CD28 production. The supernatants from both the primary and
antibody was added to the treatment, the hyperprolifera- secondary stimulation cultures were analyzed for cyto-
tion of the WSX-1/ T cells was increased over the wild- kine profiles. WSX-1/ CD4 T cells in the Th1 primary
type at all but the highest concentration of IL-12 (Figure culture (“primary cells”) produced approximately 3-fold
3C, center and right). These data indicate that WSX-1 less IFN- than similarly treated wild-type CD4 T cells
may normally have an inhibitory influence on T-cell pro- (Figure 3D). Production of IFN- by “primary” WSX-1/
liferation and that cells lacking this protein are capable Th1 cells was also 2-fold less than that of wild-type T
of responding to IL-12. cells when stimulated with anti-CD3 antibody at 10 g/
ml (data not shown). In striking contrast, the production
of IFN- by WSX-1/ CD4 Th1 cells in the secondaryImpaired IFN- Production In Vitro by Differentiating
WSX-1/ Th1 Cells stimulation culture was just as vigorous as that of WSX-
1/ controls (Figure 3E). Both WSX-1/ and wild-typeSignals mediated through IL-12R are pivotal for the dif-
ferentiation of Thp cells into the Th1 type and IFN- “secondary” Th1 cells also produced equivalent
amounts of IFN- in response to the addition of IL-12production. Because of the homology of WSX-1 to the
IL-12R2 chain, we examined the role of WSX-1 in the (3.5 ng/ml) and/or IL-18 (10 ng/ml) (data not shown).
Furthermore, wild-type and WSX-1/ CD4 T cells cul-production of IFN- as well as in the development of
Th1 and Th2 cells using an in vitro differentiation system. tured in the presence of 3.5 ng/ml IL-12 for 7 days pro-
duced equivalent amounts of IFN- (WT, 8489.2	 822.1Purified CD4 T cells were treated for 3 days with either
ConA, anti-IL-4 antibody and IL-2 plus titrated doses of pg/ml; WSX-1/, 9715.3 	 702.8 pg/ml). Production of
IL-4 by WSX-1/ and WSX-1/ Th1 cells was equallyIL-12 to induce Th1 cell development, or ConA and IL-2
plus IL-4 to induce Th2 cell development (primary stimu- suppressed when the cells were cultured with high con-
Immunity
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Figure 3. Responses of WSX-1/ T Cells to TCR Stimulation and Cytokine Production during Th1 or Th2 Differentiation
(A) Proliferation in response to anti-CD3 stimulation. Spleen cells from wild-type (open circles) or WSX-1/ (closed circles) mice were stimulated
with plate-bound anti-CD3 for 72 hr. Proliferation was determined 4 hr later by Alamar blue staining. Data shown are mean 	 SD of triplicate
cultures and are representative of three independent experiments.
(B) Cell cycle analysis. Purified spleen T cells were stimulated with plate-bound anti-CD3 plus soluble anti-CD28 antibodies for 48 hr. The
DNA content of individual nuclei was determined by PI staining. Percentages of cells in G0G1, S, and G2M phases are indicated from left
to right. / 
 WSX-1/; / 
 WSX-1/. Data are representative of two independent experiments.
(C) IL-12 responsiveness. Spleen cells from wild-type (open circles) or WSX-1/ (closed circles) mice were stimulated with 0.1 g/ml plate-
bound anti-CD3 antibody plus increasing concentrations of IL-12 alone (left panel), or plus 1 ng/ml (middle panel), or 10 ng/ml (right panel)
anti-CD28 antibody. Proliferation was determined after 72 hr by Alamar blue staining. Data shown are mean 	 SD of triplicate cultures and
are representative of two independent experiments.
(D) IFN- production by Th1 cells after primary stimulation. CD4 lymph node T cells from wild-type (open circles) or WSX-1/ (closed circles)
mice were stimulated with the indicated concentrations of IL-12 plus ConA (2.5 g/ml), IL-2 (50 U/ml), and anti-IL-4 (500 ng/ml) in the presence
of irradiated syngeneic spleen cells for 72 hr. Culture supernatants were collected and IFN- production determined by ELISA. Data shown
are mean 	 SD of triplicate cultures and are representative of three independent experiments.
(E) IFN- and IL-4 production by Th1 cells after secondary stimulation. CD4 lymph node T cells from wild-type (open symbols) or WSX-1/
(closed symbols) mice were activated as in (D). After 3 days, cells were washed, counted, and restimulated with ConA (2.5 g/ml) without
any additional cytokines for 24 hr. To determine IL-4 production by Th1 cells, cells were subjected to primary and secondary stimulations as
above but without anti-IL-4. Culture supernatants were analyzed for the production of IFN- (circles) or IL-4 (triangles). X axis values indicate
the IL-12 concentrations used for the primary stimulations. Data shown are mean 	 SD of triplicate cultures and are representative of three
independent experiments.
(F) IL-4 production by Th1 and Th2 cells after secondary stimulation. CD4 lymph node T cells from wild-type (WT) or WSX-1/ (KO) mice
were activated in the presence of irradiated syngeneic spleen cells and ConA (2.5 g/ml). For primary stimulation, the culture medium was
supplemented with IL-2 (50 U/ml) plus IL-12 (3.5 ng/ml) for Th1 induction (open columns), or IL-2 (50 U/ml) plus IL-4 (1000 U/ml) for Th2
induction (hatched columns). After 3 days, cells were washed, counted, and restimulated with ConA (2.5 g/ml) without any additional cytokines
for 24 hr. Culture supernatants were collected and analyzed by ELISA for the production of IL-4. Data shown are mean 	 SD of triplicate
cultures and are representative of four independent experiments.
centrations of IL-12 in the primary culture, but WSX- Susceptibility to L. major Infection and Aberrant
Cytokine Production in WSX-1/ Mice1/ cells produced more IL-4 than wild-type cells when
stimulated with no or low concentrations of IL-12 (Figure IFN- production is critical for elimination of the intracel-
lular parasite L. major (Swihart et al., 1995; Mattner et3E). The production of IL-4 by in vitro differentiated and
restimulated WSX-1/ Th2 cells was normal (Figure 3F). al., 1996; Park et al., 2000). BALB/c mice are highly
susceptible to L. major infection because these animalsThus, WSX-1 plays a role in inducing Th1 differentiation
but is not required for the production of IFN- by restim- fail to mount the Th1 responses necessary for sustained
IFN- production. We therefore examined the effects ofulated Th1 cells.
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WSX-1 deficiency on the course of L. major infection. contrast, IL-4 expression by WSX-1/ cells was compa-
WSX-1/, WSX-1/, and BALB/c mice were subcutane- rable to the wild-type on day 5 postinfection but elevated
ously infected with L. major in the right hind footpad, compared with the wild-type at 2 weeks postinfection
and footpad swelling was monitored for up to 6 weeks and thereafter. Consistent with this deviation toward a
after infection. WSX-1/ mice were clearly more suscep- Th2 cytokine profile, L. major-infected WSX-1/ mice
tible to L. major infection than WSX-1/ mice as indi- had elevated serum levels of IgG1 and IgE at 9 weeks
cated by increased footpad swelling (Figure 4A) and the postinfection (Figure 4I). These isotypes are highly de-
presence of severe ulceration (Figure 4B). Furthermore, pendent on Th2 help for class switching. Serum levels
the parasite burden in the infected footpad correlated of IgG2a, an isotype dependent on IFN- production,
with the degree of footpad swelling (data not shown). were normal in WSX-1/ mice at 9 weeks postinfection.
However, WSX-1/ mice were not as affected as the We conclude that the initial Th1 response induced by
susceptible BALB/c mice (Figure 4A). Examination of L. major infection is impaired in the absence of WSX-1
the progeny within litters born to crosses of WSX-1/ but that normal levels of IFN- can be produced at later
and WSX-1/ mice showed that WSX-1/ mice were time points to protect the animal.
more susceptible to L. major infection than resistant
WSX-1/ littermates (data not shown). These results Abnormal Granuloma Formation in WSX-1/ Mice
demonstrate that WSX-1/ mice have a genuine in- Infected with Mycobacteria bovis BCG
crease in susceptibility to L. major infection that is not Protection against mycobacteria depends on the devel-
due to genetic chimerism. opment of Th1 cells and the production of IFN- (Orme
We then examined the Th1 response in vivo by de- et al., 1992). To further examine the effect of WSX-1
termining IFN- production of CD4 T cells from L. ma- deficiency on the elimination of intracellular pathogens,
jor-infected WSX-1/ and WSX-1/ mice. CD4 T cells we infected mice with the avirulent strain M. bovis BCG.
were isolated from popliteal lymph nodes (LN) of in- At 2 weeks postinfection, there were approximately
fected mice 2 weeks after L. major infection and stimu- eight times more granulomas in the livers of mutant
lated in vitro with L. major antigen. IFN- production by animals compared with controls (Figure 5A). Moreover,
WSX-1/ T cells was greatly reduced compared with the granulomas in WSX-1/ livers were abnormally large
controls at this point (Figure 4C). RT-PCR analyses re- and not well differentiated, being poorly demarcated
vealed that the WSX-1/ T cells expressed less mRNA and composed of dispersed accumulations of mononu-
for IFN- (Figure 4D) but more mRNA for IL-4 and IL- clear cells (Figure 5B). In contrast, granulomas in WSX-
13 (data not shown) than wild-type cells. These results 1/ mice were compact with dense accumulations of
indicate that Th2 rather than Th1 differentiation occurs mononuclear cells. The granuloma phenotype in WSX-
in vivo in the absence of WSX-1. Consistent with these 1/ mice resembles that observed in IL-12p40/ mice
findings, the percentage of IFN--producing CD4 T (Cooper et al., 1997). With respect to IFN- production,
cells was 2-fold less in WSX-1/ mice than in wild- spleen cells from WSX-1/ mice produced less IFN-
type mice, as determined by flow cytometric analysis in response to anti-CD3 plus IL-12 than wild-type cells
of popliteal LN populations (Figure 4E). To our surprise, on day 2 postinfection (Figure 5C, left). However, by day
however, both the increased susceptibility to infection 7 postinfection, IFN- production by WSX-1/ spleen
and the impaired IFN- production were evident only in cells was restored to normal levels. Although serum
the early phase of the infection. As shown in Figure 4A, IFN- could not be detected in either WSX-1/ or wild-
footpad swelling had decreased in some WSX-1/ mice type mice at 2, 4, or 7 days postinfection, serum levels
by 5–6 weeks postinfection, whereas all BALB/c mice
of IFN-were equivalent in wild-type and WSX-1/ mice
continued to suffer from dramatic footpad swelling and
at 2 weeks postinfection (Figure 5C, right). Despite the
severe ulcerations throughout the infection. Moreover,
poorly differentiated granulomas in the mutant mice, nopopliteal LN CD4 T lymphocytes isolated from WSX-
significant difference in the number of liver CFU was1/ mice 4 weeks or more after infection and stimulated
observed between WSX-1/ and WSX-1/ mice (Figurein vitro with L. major antigen produced amounts of IFN-
5D). There was also no significant difference betweencomparable to those of wild-type cells (Figure 4F). RT-
WSX-1/ and WSX-1/ mice in liver damage as deter-PCR analyses confirmed that CD4 T lymphocytes iso-
mined by serum AST and ALT levels (Figure 5E). Theselated from four different WSX-1/ mice and stimulated
results show that WSX-1 is required for proper granu-with L. major antigen in vitro expressed normal amounts
loma formation during BCG infection but is not essentialof IFN- mRNA at 4 weeks postinfection (Figure 4G),
for liver protection.although the mutant animals themselves showed vari-
ous degrees of footpad swelling (mouse 1, 1.75 mm;
Discussionmouse 2, 2.10 mm; mouse 3, 2.20 mm; and mouse 4,
1.80 mm at 4 weeks postinfection). RT-PCR analyses
In this study, we have demonstrated that the class Ialso revealed that WSX-1/ CD4 T lymphocytes ex-
cytokine receptor WSX-1/TCCR is critical for normalpressed more IL-4 mRNA than wild-type cells at 4 weeks
IFN- production by differentiating Th1 cells and resis-postinfection (Figure 4G).
tance to L. major but only at the early stages of stimula-The kinetics of IFN- and IL-4 expression during L.
tion or infection. The absence of WSX-1/TCCR in micemajor infection were quantitatively examined by com-
neither impairs the completion of in vitro Th1 differentia-petitive PCR (Figure 4H). IFN- expression was impaired
tion, nor abolishes in vivo production of IFN- duringin WSX-1/ cells in the early phases of the infection (at
the later phases of L. major or BCG infection. Despiteday 5 and 2 weeks postinfection) but was restored to
the wild-type level at 4 and 6 weeks postinfection. In the homology of WSX-1/TCCR to gp130, WSX-1/ mice
Immunity
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Figure 4. Course of L. major Infection in WSX-1/ Mice
(A) Footpad swelling in response to L. major infection. BALB/c (open triangles; a susceptible strain), WSX-1/ (open circles), and WSX-1/
mice (closed circles) were inoculated in the right hind footpad with L. major promastigotes, and the size of the footpad lesion was monitored
as described in Experimental Procedures. Data shown are mean 	 SD and are representative of four independent experiments with three to
five mice per group. Red symbols are values for individual WSX-1/ mice. †BALB/c mice were sacrificed at 4 weeks for ethical reasons. *p 
0.001 and **p  0.005 compared with WSX-1/ mice.
(B) Histology of footpad lesions in WSX-1/ (WT) and WSX-1/ (KO) mice 4 weeks after L. major infection. Note the mild swelling in the
wild-type footpad but severe swelling (arrowhead) and ulceration (arrow) in the mutant footpad.
(C) IFN- production by popliteal LN CD4 T cells from WSX-1/ (WT) and WSX-1/ (KO) mice 2 weeks after L. major infection. CD4 T cells
were cultured with irradiated naive wild-type splenocytes with (hatched columns) or without (open columns) L. major antigen (Ag) for 66 hr.
IFN- concentration in the culture supernatants was measured by ELISA. Data shown are mean 	 SD of triplicate samples from four mice
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Figure 5. Granuloma Formation in BCG-
Infected WSX-1/ Mice
(A) WSX-1/ (WT) and WSX-1/ (KO) mice
were infected with BCG. On day 14 after in-
fection, numbers of granulomas in livers of
the mice were measured as described in Ex-
perimental Procedures. Data shown are the
mean 	 SD from seven mice per group and
are representative of two independent exper-
iments. *p  0.001.
(B) Histology of BCG-infected livers. Fixed
thin sections from the WSX-1/ (a and c) and
WSX-1/ (b and d) mice in (A) were stained
with hematoxylin and eosin. Magnifications:
20 (a and b); 100 (c and d).
(C) IFN- production. Spleen cells were pre-
pared from WSX-1/ (WT) and WSX-1/
(KO) mice on days 2 and 7 postinfection with
BCG and cultured with plate-bound anti-CD3
antibody (5 g/ml) plus IL-12 (1 ng/ml) (left
panel). IFN- production in culture superna-
tants was measured by ELISA. IFN- concen-
tration in sera from BCG-infected WSX-1/
(WT) and WSX-1/ (KO) mice measured by
ELISA on day 14 postinfection (right panel).
No detectable serum IFN- was produced in
either wild-type or WSX-1/ mice on days 2,
4, and 7 postinfection. Data shown are
mean 	 SD for seven mice per group and are
representative of two independent experi-
ments. *p  0.05.
(D) Numbers of CFU in livers of the mice in (A)
were measured as described in Experimental
Procedures. Data are mean 	 SD for seven
mice per group.
(E) Serum chemistry. Serum levels of AST and
ALT were determined as described in Experi-
mental Procedures. Data are mean 	 SD for
seven mice per group and are representative
of two independent experiments.
showed no defects in hematopoiesis or lymphopoiesis responses to bacterial, parasitic, and viral agents by
differentiating into Th1 or Th2 effectors (Mosmann andor in heart development.
Immune responses are coordinated by interactions Coffman, 1989; Reiner and Locksley, 1995; Mosmann
and Sad, 1996). IL-12-induced production of IFN- bywithin the cytokine-cytokine receptor network. CD4 T
cells potentiate the inflammatory or humoral immune Th1 cells is critical for defense against intracellular mi-
per group and are representative of four independent experiments. *p  0.001 as compared with WT cells treated with L. major antigen.
(D) RT-PCR analysis of cytokine mRNA expression in popliteal LN CD4 T cells isolated from BALB/c (B/c), WSX-1/ (WT), and WSX-1/ (KO)
mice 2 weeks after L. major infection. -actin, internal control. Experiments were repeated three times with similar results.
(E) Flow cytometric analysis of intracellular IFN- production 2 weeks after L. major infection. Popliteal LN cells from WSX-1/ (WT) and
WSX-1/ (KO) mice were cultured with L. major antigen for 24 hr. Intracellular IFN- was detected as described in Experimental Procedures.
The numbers in the upper right quadrants are the percentages of IFN--positive cells within the CD4 T cell population. Experiments were
repeated three times with similar results.
(F) IFN- production by popliteal LN CD4 T cells from WSX-1/ (WT) and WSX-1/ (KO) mice 4 weeks after L. major infection. CD4 T cells
were cultured with (hatched columns) or without (open columns) L. major antigen (Ag), and IFN- production was measured as in (C). Data
shown are mean 	 SD of triplicate samples from four mice per group and are representative of three independent experiments.
(G) RT-PCR analysis of cytokine mRNA expression in popliteal LN CD4 T cells isolated from BALB/c (B/c), WSX-1/ (WT; four mice), and
WSX-1/ mice (KO; four mice) 4 weeks after L. major infection. -actin, internal control. Experiments were repeated twice with similar results.
(H) Time course analysis of cytokine expression. Competitive PCR analysis was performed to quantitatively determine IFN-, IL-4, and -actin
(control) levels. cDNAs were prepared from popliteal lymph node CD4 cells of WSX-1/ (WT), WSX-1/ (KO), and BALB/c (B/c) mice on
day 5 and at 2, 4, and 6 weeks postinfection. Appropriate amounts (normalized to -actin) of cDNAs were coamplified with 5-fold serially
diluted competitive fragments. Smaller sized bands are PCR products derived from competitive fragments. Comp
 decreasing concentrations
of competitive fragments added as templates.
(I) Serum immunoglobulin levels in WSX-1/ (open circles) and WSX-1/ (closed circles) mice 9 weeks after L. major infection. Data shown
are mean 	 SD of triplicate samples from four mice per group for IgG1 (left), IgG2a (middle), and IgE (right). Similar results were obtained
using sera from mice at 3 weeks postinfection.
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croorganisms in mice and humans (Romani et al., 1997). types of the knockout mice described above suggest
IL-12/ mice infected with L. major exhibited lesions that a cytokine structurally and functionally related to
that were larger and progressed further than those in a IL-12 is the most probable candidate. One possibility
wild-type, resistant strain (Mattner et al., 1996). More- for the WSX-1 ligand is IL-23, a cytokine composed of
over, IL-12/ mice mounted a polarized Th2 response to the p40 subunit of IL-12 plus p19, a novel component.
the pathogen rather than a Th1 response. In the current IL-12-like biological functions have recently been re-
study, WSX-1-deficient mice also showed susceptibility ported for this cytokine (Oppmann et al., 2000). It is
to L. major infection with deviation to a Th2 cytokine highly unlikely that IL-12 itself is the primary ligand for
profile, indicating an important role for WSX-1 in early WSX-1. As also shown by Chen et al. (2000), we found
defense against this parasite. However, IFN- produc- that T cells from WSX-1/ mice proliferated normally in
tion in response to L. major antigen was restored to response to exogenous IL-12 treatment. Consistent with
normal at 4 weeks postinfection in WSX-1/ mice, a this finding, we demonstrated that IFN- production by
recovery not reported for IL-12/ mice. Footpad swell- WSX-1/ Th1 cells fully differentiated in vitro in the pres-
ing was also reduced in some infected WSX-1/ mice, ence of IL-12 was normal. In contrast, Chen et al. (2000)
presumably reflecting the restored IFN- production. reported that in vitro Th1 differentiation in response to
Thus, whereas IL-12/IL-12R interaction is absolutely re- IL-12 was impaired in cells from their TCCR/WSX-
quired to maintain a Th1 response against L. major infec- 1-deficient mice. The reason for this difference is un-
tion (Park et al., 2000), WSX-1 (and its unknown ligand) known, but, because our “primary stimulation” WSX-
play a more limited role, being required only for the initial 1/ CD4 T cells produced less IFN- than wild-type
production of IFN- and induction of Th1 responses. cells (Figure 3D), it is possible that slight differences in
We conclude that an absence of WSX-1 signaling has cellular activation status could account for the discrep-
a significant impact at the early stages of an intracellular ancy. Differences in gene disruption strategies and/or
infection, but this impact is mitigated by IL-12R signaling the genetic background of the mice may also be rel-
at later phases. evant.
Several lines of evidence have shown that the forma- The impaired production of IFN- by “primary” WSX-
tion of antimycobacterial granulomas depends on IFN- 1/ T cells is intriguing. This finding suggests that
production. A disseminated form of tuberculosis was WSX-1 is required for normal production of IFN- when
seen in knockout mice deficient for either IFN- or the naive T cells first encounter antigens and that this role
p40 subunit of IL-12 (Cooper et al., 1993; Flynn et al., is later overshadowed by that of IL-12R in fully activated
1993). The poorly demarcated granulomas in BCG- and differentiated effector cells. This hypothesis is in
infected WSX-1/ mice resemble the lung granulomas line with the observation by Chen et al. (2000) that the
of M. tuberculosis-infected IL-12p40/ mice (Cooper et expression of WSX-1 is downregulated in activated Th1
al., 1997). This similarity in phenotype suggests that and Th2 effectors and with the fact that IL-12R is highly
IFN- function is impaired in the microenvironment sur- expressed in activated Th1 cells (Szabo et al., 1997;
rounding the granuloma in WSX-1/ liver, consistent Wu et al., 1997). The functions of WSX-1/TCCR in the
with the reduced IFN- production exhibited by isolated context of the cytokine network will no doubt be clarified
WSX-1/ splenocytes on day 2 postinfection (Figure by identification of the ligand and coreceptors, if any,
5C). However, the deficit in splenocyte IFN- production for this molecule.
is small compared with that observed during L. major
infection, and IFN- levels are in fact restored to normal Experimental Procedures
by day 7 postinfection. Therefore, the precise cause of
the defect in granuloma formation in BCG-infected Cells
E14K embryonic stem cells from 129/Ola mice were maintained onWSX-1/ mice remains under investigation. It is possi-
a layer of mitomycin C-treated embryonic fibroblasts in Dulbecco’sble that even a small decrease in IFN- production in
Modified Eagle’s Medium, supplemented with leukemia inhibitoryWSX-1/ mice could inhibit the expression of IFN-
factor, 15% fetal calf serum, L-glutamine, and -mercaptoethanol.
-dependent chemokines such as IP-10 and Mig (Sal-
lusto et al., 1998), resulting in abnormal recruitment of Generation of WSX-1/ Mice
cells required for granuloma formation. Alternatively, like Fragments of the murine WSX-1 gene were cloned from a 129/J
other multifunctional cytokine receptors, WSX-1 may bacterial artificial chromosome library using a PCR-amplified WSX-
convey IFN--independent signals during BCG infection 1 cDNA probe. A targeting vector was designed to replace a genomic
fragment containing an exon encoding a portion of the second fibro-that affect the migration and/or homing of cells required
nectin type III domain with a neomycin resistance cassette. Thefor granuloma formation. Although the loose accumula-
targeting vector was linearized with NotI and electroporated intotions of mononuclear cells in the granulomas of BCG-
E14K ES cells. After G418 selection (200 g/ml) (GIBCO-BRL), ho-
infected WSX-1/ mice may not be sufficient to confine mologous recombinants were identified by PCR using a specific
the bacteria within phagocytes, WSX-1 appears to be primer pair (5-CCA AGG TGT CTC AGG GTC TAA C-3 and 5-GGA
formally dispensable for controlling the BCG pathogen. AGG GGC CAC CAA GAA CG-3). Five clones heterozygous for the
Liver CFU counts and serum chemistry values associ- targeted mutation were injected into 3.5 day C57BL/6 blastocysts,
which were subsequently transferred into pseudopregnant fosterated with liver damage were comparable in WSX-1/
mothers. Chimeric mice were crossed with C57BL/6 mice to produceand wild-type mice. We speculate that other bactericidal
heterozygous WSX-1/ mice. Germline transmission of the mutationeffectors such as IFN- induced by IL-12 and/or IL-18,
was verified by PCR and Southern blot analysis of tail DNA. Hetero-
IL-1, or TNF-may be sufficient to control BCG infection zygotes were intercrossed to generate homozygous WSX-1/ mice.
in the absence of WSX-1 signaling. Homozygous and heterozygous mutant mice were backcrossed into
The ligand for WSX-1/TCCR is currently unknown. The C57BL/6 more than nine times before use in experiments.
WSX-1 gene expression was examined by RT-PCR in wild-typehomology of WSX-1/TCCR to IL-12R and the pheno-
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CD4, CD8, and B220 cells sorted using magnetic beads (MACS, containing 2 mM glutamine, 10 mM HEPES, and gentamicin (100
l/ml). For infection, mice were subcutaneously inoculated in theMiltenyi Biotec) or in plastic-adherent splenic macrophages (Ha-
right hind footpad with 5  106 stationary phase promastigotes. Themano et al., 1998). The specific primer pair used was 5-CAA GAA
footpad lesion was monitored weekly with a vernier caliper andGAG GTC CCG TGC TG-3 and 5-TTG AGC CCA GTC CAC CAC
compared with the thickness of the uninfected left footpad.AT-3. For immunoprecipitations and Western blots, splenocytes
For analysis of cytokine production, popliteal LN cells (5  105/were lysed and precleared with Protein A/G (Amersham Pharmacia
200l/well) were stimulated with or without L. major antigens (equiv-Biotech) in a 1:1 mixture. Lysates were then incubated for 2 hr at
alent to 5  105 promastigotes) in the presence of irradiated (30 Gy)4C with Protein A/G and 0.2 l crude anti-WSX-1 antiserum. The
splenocytes (5  105/200 l/well) for 66 hr. Culture supernatantsantiserum was obtained by immunizing New Zealand White rabbits
were collected and analyzed for IFN- by ELISA as above.with a peptide (H2N-CPKASAPIYSGYEKHFLPTPEELGLLV-COOH)
For RT-PCR analysis of cytokine expression, popliteal LN of micerepresenting the 26 C-terminal amino acids of WSX-1 coupled to
infected with L. major were isolated, and CD4 T cells were purifiedKLH through an additional N-terminal cysteine. Immunoprecipitates
using magnetic beads. Total RNA was prepared, and the expressionwere subjected to SDS-PAGE, transferred to PVDF membrane, and
level of -actin was first evaluated as an internal control using seri-identified with a 1:1000 dilution of the same rabbit anti-WSX-1 pep-
ally diluted reverse-transcribed cDNA. The expression levels oftide antiserum plus HRP-conjugated Protein A (Amersham Phar-
IFN-, IL-2, IL-3, IL-4, IL-5, IL-10, and IL-13 were then assessedmacia Biotech). The signal was visualized using ECL (Amersham
using appropriate pairs of primers. Primer sequences were as fol-Pharmacia Biotech) according to the manufacturer’s instructions.
lows: IL-3, 5-GAA GTG GAT CCT GAG G AC AGA TAC G-3 and
5-GAC CAT GGG CCA TGA GGA ACA TTC-3; IL-5, 5-CTC TAGFlow Cytometric Analysis
TAA GCC CAC TTC TA-3 and 5-TGA TAC CTG AAT AAC ATC CC-3;Mononuclear cells from thymus, spleen, and lymph nodes were
IL-10, 5-TAC CTG GTA GAA GTG ATG CC-3 and 5-CAT CAT GTAobtained using standard methods. Single-cell suspensions of thy-
TGC TTC TAT GC-3; IL-13, 5-CTC CCT CTG ACC CTT AAG GAG-mocytes from WSX-1/ or WSX-1/ mice were stained with phy-
3 and 5- GAA GGG GCC GTG GCG AAA CAG-3. Primer sequencescoerythrin (PE)-conjugated anti-CD4 and fluorescein isothiocyanate
for other cytokines are described elsewhere (He et al., 1995). For(FITC)-conjugated anti-CD8 antibodies (PharMingen). Lymph node
quantitative determination of cytokine expression, competitive PCRcells or splenocytes were stained with PE-conjugated anti-CD3 and
analysis was performed using fragments generated with the Com-
FITC-conjugated anti-B220 antibodies (PharMingen). Cells were ex-
petitive DNA Construction Kit (Takara Biomedicals, Tokyo, Japan)
amined for the expression of surface markers using a flow cytometer
according to the manufacturer’s directions. Again, the expression
(FACScalibur, Becton Dickinson). of -actin was first measured as an internal control. An appropriate
dilution of each cDNA sample was then coamplified with 5-fold
T Cell Proliferation and Cell Cycle Assays serially diluted competitive fragments.
For T cell proliferation, spleen cells (2  106 cells/well) from either For flow cytometric analysis of intracellular IFN- production, pop-
wild-type or WSX-1-deficient mice were stimulated for 72 hr in a liteal LN cells were isolated and cultured (1  106/ml) for 24 hr with
24-well plate with either 2.5 g/ml ConA or 0.0001–1.0 g/ml of L. major antigens (equivalent to 2.5 106 promastigotes). GolgiStop
plate-bound anti-CD3 monoclonal antibody (145-2C11, Phar- (PharMingen) was added to the culture for the last 8 hr. Cells were
Mingen). To assess IL-12 responsiveness, cells were stimulated as then stained with PE-conjugated anti-CD4 antibody (PharMingen),
above for 72 hr in the presence or absence of 1.0 or 10 ng/ml anti- and fixed and permeabilized with the Cytofix/Cytoperm Plus kit
CD28 antibody (37.51, PharMingen) and increasing doses of IL-12 (PharMingen) according to the manufacturer’s directions. Cells were
(0–16,000 pg/ml) were added to the plates. Cell proliferation was stained with FITC-conjugated anti-IFN- antibody (PharMingen) to
measured with Alamar blue (BioSource International) as described detect intracellular IFN- and analyzed for the percentage of IFN-
elsewhere with minor modifications (Breinholt and Larsen, 1998). -positive cells.
For serum immunoglobulin analysis, ELISA assays were per-Briefly, Alamar blue was added after 72 hr of culture and the plates
formed using the following antibodies: rat anti-mouse IgG1 (Zymed:analyzed on a fluorescent microplate reader 4 hr later.
04-6100) and rat anti-mouse IgG1-HRP (Biosource: AMI2311) forFor cell cycle analysis, purified spleen T cells were stimulated as
IgG1; goat anti-mouse IgG2a (BETHYL) and rabbit anti-mouseabove with plate-bound anti-CD3 antibody (1 g/ml) (PharMingen)
IgG2a-HRP (CAPPEL: 50283) for IgG2a; and rat anti-mouse IgEplus soluble anti-CD28 antibody (1 g/ml) (PharMingen) for 48 hr.
(MCA419) (Serotec: 240399) and rat anti-mouse IgE-biotinCells were then suspended in 1 ml hypotonic fluorochrome solution
(MCA420B) (Serotec: 5090) for IgE.(propidium iodide; PI [50 g/ml] in 0.1% sodium citrate plus 0.1%
Triton X-100 with RNase [500 g/ml]) as previously described (Yo-
BCG Infectionshida et al., 1995). The PI fluorescence of individual nuclei was
Mice were infected i.v. with 5  106 M. bovis BCG (Connaughtmeasured using a flow cytometer, and cell cycle analysis was per-
Laboratories) and sacrificed on day 2, 4, 7, or 14 postinfection.formed with ModFit LT software (Becton Dickinson).
Livers were isolated for histological examination and CFU count,
and serum was collected for AST, ALT, and IFN- measurements.In Vitro Induction of T Cell Differentiation
For histological examination, livers were fixed in 10% formalin, em-In vitro differentiation of CD4 T cells into Th1 or Th2 subsets was
bedded in paraffin, sectioned, and stained with hematoxylin andperformed as described previously (Yoshida et al., 1998; Chen et
eosin. BCG-induced granulomas were counted in livers in 10 ran-
al., 2000). Briefly, for primary stimulations, CD4 T cells (1  106/
domly marked microscopic fields at a magnification of 250. For
ml) purified with magnetic beads (MACS) were activated in the pres-
CFU counts, livers were homogenized in saline to obtain an extract
ence of irradiated (30 Gy) syngeneic spleen cells (1  106/ml) and that was serially diluted in saline and plated on Middlebrook 7H11
ConA (2.5 g/ml). The culture medium was supplemented with IL-2 agar (Acumedia). Colonies were counted after 2 weeks incubation
(20 U/ml) and either titrated doses of IL-12 (0–3.5 ng/ml) plus anti- at 37C and the results expressed as CFU/g of liver. AST and ALT
IL-4 antibody (PharMingen, clone 11B11) (500 ng/ml) for Th1 induc- enzymatic activities were measured using commercially available
tion, or IL-4 (1000 U/ml) for Th2 induction. For secondary stimula- kits following the manufacturer’s instructions (Boehringer Mann-
tions, cells were washed 3 or 7 days after the primary stimulation, heim). For IFN-production by spleen cells, splenocytes were stimu-
counted, and restimulated at 1  106/ml in the presence of ConA lated with plate-bound anti-CD3 antibody (5 g/ml) (PharMingen)
(2.5 g/ml) without any additional cytokines for 24 hr. The superna- and IL-12 (1 ng/ml) for 48 hr, and IFN- in the supernatants was
tants from both primary and secondary stimulation cultures were assayed by ELISA as above. Results of all assays were expressed
collected and analyzed for the production of IFN- or IL-4 by ELISA as the mean 	 SD, and differences between groups were evaluated
using ELISA Development Kits (Genzyme) according to the manu- using the Student’s t test.
facturer’s directions.
Acknowledgments
L. major Infection and Cytokine Analyses
L. major (MHOM/SU/73-5-ASKH) were passaged in vivo and grown We thank Kikuo Nomoto and the members of the Department of
Immunology, Medical Institute of Bioregulation, Kyushu Universityin vitro in Medium 119 with 10% heat-inactivated fetal bovine serum
Immunity
578
for comments; Takashi Yao, Ritsuko Yoshida, Akira Suzuki, Toshiaki Nacy, C.A., Meierovics, A.I., Belosevic, M., and Green, S.J. (1991).
Tumor necrosis factor-alpha: central regulatory cytokine in the in-Ohteki, Young-Yun Kong, Arda Shahinian, and Josef Penninger for
technical help, comments, and animal husbandry; Isao Tada, Fujiro duction of macrophage antimicrobial activities. Pathobiology 59,
182–184.Sendo, Takao Yamashita, Kunisuke Himeno, and Yoichi Maekawa
for providing L. major and comments; Irene Ng and Denis Bouchard Oppmann, B., Lesley, R., Blom, B., Timans, J.C., Xu, Y., Hunte, B.,
for administrative support; and Mary Saunders for scientific editing. Vega, F., Yu, N., Wang, J., Singh, K., et al. (2000). Novel p19 protein
engages IL-12p40 to form a cytokine, IL-23, with biological activities
Received January 25, 2001; revised August 2, 2001. similar as well as distinct from IL-12. Immunity 13, 715–725.
Orme, I.M., Miller, E.S., Roberts, A.D., Furney, S.K., Griffin, J.P.,
References Dobos, K.M., Chi, D., Rivoire, B., and Brennan, P.J. (1992). T lympho-
cytes mediating protection and cellular cytolysis during the course
Bazan, J.F. (1990). Structural design and molecular evolution of of Mycobacterium tuberculosis infection. Evidence for different ki-
a cytokine receptor superfamily. Proc. Natl. Acad. Sci. USA 87, netics and recognition of a wide spectrum of protein antigens. J.
6934–6938. Immunol. 148, 189–196.
Park, A.Y., Hondowicz, B.D., and Scott, P. (2000). IL-12 is requiredBreinholt, V., and Larsen, J.C. (1998). Detection of weak estrogenic
flavonoids using a recombinant yeast strain and a modified MCF7 to maintain a Th1 response during Leishmania major infection. J.
Immunol. 165, 896–902.cell proliferation assay. Chem. Res. Toxicol. 11, 622–629.
Paul, W.E. (1989). Pleiotropy and redundancy: T cell-derived lym-Chen, Q., Ghilardi, N., Wang, H., Baker, T., Xie, M.H., Gurney, A.,
phokines in the immune response. Cell 57, 521–524.Grewal, I.S., and de Sauvage, F.J. (2000). Development of Th1-type
immune responses requires the type I cytokine receptor TCCR. Na- Reiner, S.L., and Locksley, R.M. (1995). The regulation of immunity
ture 407, 916–920. to Leishmania major. Annu. Rev. Immunol. 13, 151–177.
Cooper, A.M., Dalton, D.K., Stewart, T.A., Griffin, J.P., Russell, D.G., Romani, L., Puccetti, P., and Bistoni, F. (1997). Interleukin-12 in
and Orme, I.M. (1993). Disseminated tuberculosis in interferon infectious diseases. Clin. Microbiol. Rev. 10, 611–636.
gamma gene-disrupted mice. J. Exp. Med. 178, 2243–2247. Sallusto, F., Lanzavecchia, A., and Mackay, C.R. (1998). Chemokines
Cooper, A.M., Magram, J., Ferrante, J., and Orme, I.M. (1997). In- and chemokine receptors in T-cell priming and Th1/Th2-mediated
terleukin 12 (IL-12) is crucial to the development of protective immu- responses. Immunol. Today 19, 568–574.
nity in mice intravenously infected with mycobacterium tuberculosis. Sprecher, C.A., Grant, F.J., Baumgartner, J.W., Presnell, S.R.,
J. Exp. Med. 186, 39–45. Schrader, S.K., Yamagiwa, T., Whitmore, T.E., O’Hara, P.J., and
Di Santo, J.P., Kuhn, R., and Muller, W. (1995). Common cytokine Foster, D.F. (1998). Cloning and characterization of a novel class I
receptor gamma chain (gamma c)-dependent cytokines: under- cytokine receptor. Biochem. Biophys. Res. Commun. 246, 82–90.
standing in vivo functions by gene targeting. Immunol. Rev. 148, Swihart, K., Fruth, U., Messmer, N., Hug, K., Behin, R., Huang, S.,
19–34. Del Giudice, G., Aguet, M., and Louis, J.A. (1995). Mice from a
genetically resistant background lacking the interferon gamma re-Finkelman, F.D., Pearce, E.J., Urban, J.F., Jr., and Sher, A. (1991).
Regulation and biological function of helminth-induced cytokine re- ceptor are susceptible to infection with Leishmania major but mount
a polarized T helper cell 1-type CD4 T cell response. J. Exp. Med.sponses. Immunol. Today 12, A62–A66.
181, 961–971.Flynn, J.L., Chan, J., Triebold, K.J., Dalton, D.K., Stewart, T.A., and
Szabo, S.J., Dighe, A.S., Gubler, U., and Murphy, K.M. (1997). Regu-Bloom, B.R. (1993). An essential role for interferon gamma in resis-
lation of the interleukin (IL)-12R beta 2 subunit expression in devel-tance to Mycobacterium tuberculosis infection. J. Exp. Med. 178,
oping T helper 1 (Th1) and Th2 cells. J. Exp. Med. 185, 817–824.2249–2254.
Taga, T., Hibi, M., Hirata, Y., Yamasaki, K., Yasukawa, K., Matsuda,Hamano, S., Yoshida, H., Takimoto, H., Sonoda, K., Osada, K., He,
T., Hirano, T., and Kishimoto, T. (1989). Interleukin-6 triggers theX., Minamishima, Y., Kimura, G., and Nomoto, K. (1998). Role of
association of its receptor with a possible signal transducer, gp130.macrophages in acute murine cytomegalovirus infection. Microbiol.
Cell 58, 573–581.Immunol. 42, 607–616.
Taga, T., and Kishimoto, T. (1997). Gp130 and the interleukin-6 familyHe, X., Yoshida, H., Minamishima, Y., and Nomoto, K. (1995). Analy-
of cytokines. Annu. Rev. Immunol. 15, 797–819.sis of the role of CD4 T-cells during murine cytomegalovirus infec-
tion in different strains of mice. Virus Res. 36, 233–245. Wu, C., Warrier, R.R., Wang, X., Presky, D.H., and Gately, M.K.
(1997). Regulation of interleukin-12 receptor beta1 chain expressionMattner, F., Magram, J., Ferrante, J., Launois, P., Di Padova, K.,
and interleukin-12 binding by human peripheral blood mononuclearBehin, R., Gately, M.K., Louis, J.A., and Alber, G. (1996). Genetically
cells. Eur. J. Immunol. 27, 147–154.resistant mice lacking interleukin-12 are susceptible to infection
with Leishmania major and mount a polarized Th2 cell response. Yoshida, H., Sumichika, H., Hamano, S., He, X., Minamishima, Y.,
Eur. J. Immunol. 26, 1553–1559. Kimura, G., and Nomoto, K. (1995). Induction of apoptosis of T
cells by infecting mice with murine cytomegalovirus. J. Virol. 69,Miyajima, A. (1992). Molecular structure of the IL-3, GM-CSF and
4769–4775.IL-5 receptors. Int. J. Cell Cloning 10, 126–134.
Yoshida, H., Nishina, H., Takimoto, H., Marengere, L.E., Wakeham,Miyajima, A., Kitamura, T., Harada, N., Yokota, T., and Arai, K. (1992).
A.C., Bouchard, D., Kong, Y.Y., Ohteki, T., Shahinian, A., Bachmann,Cytokine receptors and signal transduction. Annu. Rev. Immunol.
M., et al. (1998). The transcription factor NF-ATc1 regulates lympho-10, 295–331.
cyte proliferation and Th2 cytokine production. Immunity 8, 115–124.
Miyazaki, T., Maruyama, M., Yamada, G., Hatakeyama, M., and Tani-
Yoshida, K., Taga, T., Saito, M., Suematsu, S., Kumanogoh, A., Ta-guchi, T. (1991). The integrity of the conserved ‘WS motif’ common
naka, T., Fujiwara, H., Hirata, M., Yamagami, T., Nakahata, T., et al.to IL-2 and other cytokine receptors is essential for ligand binding
(1996). Targeted disruption of gp130, a common signal transducerand signal transduction. EMBO J. 10, 3191–3197.
for the interleukin 6 family of cytokines, leads to myocardial and
Mosmann, T.R., and Coffman, R.L. (1989). TH1 and TH2 cells: differ- hematological disorders. Proc. Natl. Acad. Sci. USA 93, 407–411.
ent patterns of lymphokine secretion lead to different functional
properties. Annu. Rev. Immunol. 7, 145–173.
Mosmann, T.R., and Sad, S. (1996). The expanding universe of T-cell
subsets: Th1, Th2 and more. Immunol. Today 17, 138–146.
Murphy, K.M., Ouyang, W., Farrar, J.D., Yang, J., Ranganath, S.,
Asnagli, H., Afkarian, M., and Murphy, T.L. (2000). Signaling and
transcription in T helper development. Annu. Rev. Immunol. 18,
451–494.
